Abstract. Fusarium tuber rot, incited by Fusarium solani, is the major cause of losses of tuber quality and quantity in caladium (Caladium ·hortulanum) during storage and production. To develop a reliable inoculation method for evaluating cultivar susceptibility to Fusarium tuber rot and identifying sources of resistance, the effect of temperature on the mycelial growth of F. solani in vitro and on tuber rot in vivo was examined. The optimal temperature was then used to study the aggressiveness of F. solani isolates. The effect of temperature (13, 18, 23, 28, and 33 8C) on radial mycelial growth of nine F. solani isolates in vitro was determined, and all responded similarly to temperature variables, with optimal growth predicted to be at 30.5 8C. The relationship of these temperatures to disease development was then determined for the most aggressive F. solani isolate 05-20 and it was found that disease development in inoculated tubers was greatest at low temperatures (13 and 18 8C). Cold damage to tubers was observed at 13 8C; therefore, 18 8C was chosen for all future disease screening. The aggressiveness of nine isolates was tested on two caladium cultivars. Significant differences among isolates were observed for the diameter of rotted tissue in both cultivars, indicating that choice of isolate was important for screening. Isolates 05-20 and 05-257 were highly aggressive on both cultivars. Tubers of 17 commercial caladium cultivars were inoculated with three isolates (04-03, 05-20, and 05-527) and incubated at 18 8C. The interaction between isolates and cultivars was highly significant (P < 0.0001), indicating that cultivars were not equally susceptible to different pathogenic isolates of F. solani. Lesion diameters differed significantly (P < 0.0001) among cultivars/isolates and ranged from 9.5 mm ('Rosebud' and 'White Christmas' for isolate 04-03) to 23.9 mm ('Carolyn Whorton' for isolate [5][6][7][8][9][10][11][12][13][14][15][16][17][18][19][20]. The cultivars were ranked for susceptibility to tuber rot within each isolate and the normalized total rank for the three isolates was used to place cultivars into four
Caladiums (Caladium ·hortulanum Birdsey) are ornamental aroids valued for their bright, colorful leaves. They are widely used in landscapes, especially in the southern United States, and in production of pot plants worldwide (Evans et al., 1992) . The production of tubers is primarily through propagating pieces of cut ''seed'' tubers (Wilfret, 1993) . Thus, tuber quality is critical for field production of tubers as well as for whole tubers used for landscaping or for production of potted plants in the greenhouse (Harbaugh and Tjia, 1985; Overman and Harbaugh, 1982) .
Fusarium tuber rot, incited by F. solani (Mart.) Saa., is the most important disease that affects caladium tuber quality and quantity (Knauss, 1975; McGovern, 2004) . During the past decade, this disease has caused a steady decline in tuber yield of many cultivars in Florida, which supplies more than 95% of the worldwide demand, and has led in part to elimination of a number of important commercial cultivars (McGovern, 2004) . Fusarium infection of tubers has been widespread in commercial cultivars, with disease incidence of up to 90% to 100% (Gilreath et al., 1999; McGovern, 2004) . The disease cycle and epidemiology of Fusarium tuber rot have not been clearly elucidated, but it appears that the primary mode of fungal survival and spread is on or in ''seed'' tubers (McGovern, 2004) . Chemical control of this fungal pathogen using fungicides has had very limited success (McGovern, 2004) . Shoot-tip culture has been used to eliminate Fusarium from ''seed'' tubers, resulting in an increase in tuber yield and quality and plant performance, but these beneficial effects may be lost within several years because of natural reinfection after the tissue culture-derived seed pieces are planted in the field (Overman and Harbaugh, 1982) . Identification, utilization, and improvement of host resistance to Fusarium tuber rot have become priority objectives in caladium breeding (Deng et al., 2005) .
Two techniques had been previously described for artificial inoculation of caladium tubers with F. solani (Knauss, 1975) . One involved spraying a spore suspension onto cut surfaces of tubers and the other consisted of injecting a spore suspension into a small hole cut in the tuber. Disease severity was evaluated as either percent of rotted tuber tissue or plant mortality and reduction in tuber production 3 months later. Although these techniques allowed for identification of this pathogen and assessment of several fungicide treatments for tuber rot control, they did not meet the criteria of speed and reliability needed to determine the level of resistance of breeding parents or new selections in breeding programs focusing on disease resistance.
Breeding of disease-resistant cultivars is an important goal for many crop species and it has proved to be an effective component for managing Fusarium-induced diseases in numerous crops (Hartman et al., 1997; McGrath et al., 1987; Rudd et al., 2001) . However, until the past three decades, caladium breeding has been done primarily by private breeders focusing on new leaf colors or shapes (Wilfret, 1993) . In the 1970s, the University of Florida initiated a breeding program, but its initial focus was on developing vigorous, multibranching cultivars (Miranda and Harbaugh, 2003) , rather than breeding for resistance to any specific disease. Thus, to our knowledge, the genetic variation in caladium with respect to resistance to Fusarium tuber rot has not been well defined. Other than anecdotal evidence from growers, the existence of different levels of resistance that might be used for breeding against tuber rot disease among caladium cultivars was not documented because of a lack of effective inoculation techniques and disease assessment procedures. These factors, as well as the need for rapid techniques that allow screening of hundreds or thousands of progeny necessary in a breeding program, have also impeded efforts to breed for Fusarium tuber rot resistance.
The main objectives of this study were 1) to determine appropriate temperatures to be used in screening for resistance to Fusarium tuber rot, 2) to assess the effect of isolate aggressiveness when screening for resistance, and 3) to determine whether resistance to Fusarium tuber rot exists in commercial cultivars to enable a caladium breeding program to improve resistance to Fusarium tuber rot.
Materials and Methods
Production of disease-free tubers. To reduce potential natural infection of F. solani in caladium tubers, tissue culture-derived plants donated by a commercial grower were used in this study. These tissue culture plants were initiated from shoot tips excised from field-grown tubers and produced in vitro as described by Hartman (1974 . The potted plants were grown on metal benches in a greenhouse with 50% shade (600-800 mmolÁm -2 -1 ) under the natural photoperiod in Wimauma, FL, and a temperature range of 20 to 35°C. Irrigation was provided through capillary mats. Preventive fungicide drenches were applied to control fungal diseases (pythium root rot and Fusarium root rot), following manufacturers' recommendations, on a rotation schedule at a 3-week interval: Phyton 27 (Phyton Cooporation, Edina, MN) + PlantShield (BioWorks, Fairport, NY), Medallion (Syngenta Crop Protection, Greensboro, NC) + Subdue MAXX (Syngenta Crop Protection, Greensboro, NC), or Banrot (Scotts-Sierra Crop Protection Company, Marysville, OH). After %6 months of plant growth, the soilless mix in the pots was allowed to dry for %3 weeks so it could easily be shaken off roots, then plant shoots and roots were cut off, and the tubers were washed, dried, and stored at room temperature (24-26°C) until used in these tests.
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Fusarium Temperature effect on mycelial growth in vitro. The optimal temperature for mycelium growth of nine F. solani isolates (04-01, 04-02, 04-03, 05-19, 05-20, 05-253, 05-255, 05-256, and 05-257) was tested in vitro at 13, 18, 23, 28, or 33°C. A 4-mm diameter cork borer was used to cut agar plugs from 2-week-old cultures grown on water agar (15 g Bacto AgarÁL -1 water) plates. Each plug was transferred to the center of a new water agar plate and incubated in a plant growth chamber (series 101; Percival Scientific, Boone, IA) for 7 d at the respective temperatures. The diameter of the mycelial growth was measured in two perpendicular directions and the values were averaged.
The experiment was arranged in a 5 (temperature) · 9 (isolate) factorial arrangement in a randomized block design with three blocks (replications in time) and three subsamples (plates) per replication. Data were subjected to analysis of variance (ANOVA) and regression analyses with PROC GLM using SAS 9.0 (SAS Institute, Cary, NC).
Temperature effect on disease development. The effect of temperature (13, 18, 23, 28, or 33°C) on the ability of F. solani to cause tuber rot was examined on two caladium breeding lines (8505 and 7537). Isolate 05-20 was cultured on CLA at 24°C for 10 to 14 d under constant light until the carnation leaf pieces were covered with abundant sporodochia. Caladium tubers were surface sterilized with 30% bleach for 30 min and then rinsed three times with sterile water. Tubers were cut in half and placed within egg cartons, one half per egg holder. Tuber halves were punctured to a depth of 5 mm in the center of the cut surface with a sterile Phillips head screwdriver (4 mm maximum diameter of the head). Immediately, two pieces of F. solani-colonized carnation leaf were inserted into the hole. The egg cartons were then placed inside plastic boxes with four sheets of wet paper towel to maintain the relative humidity (RH) at %100%. The plastic boxes were sealed with plastic wrap, and then the inoculated tubers were incubated in the dark at 13, 18, 23, 28, or 33°C for 2 weeks to allow Fusarium tuber rot to develop. After 2 weeks, a scalpel was used to remove the top layer of ''suberized'' tissue transversely (1-2 mm) from the cut surface of the tuber halves, and the diameter (measured in millimeters) of tuber rot emanating from the inoculation site was measured in two perpendicular directions and averaged.
The experiment was designed as a 5 (temperature) · 2 (breeding line) factorial with each treatment replicated three times, with three tuber halves per experimental unit.
The experiment was repeated and data from the two experiments were pooled because variances were equal. Data were subjected to ANOVA and regression analyses with PROC GLM using SAS 9.0.
Aggressiveness of nine isolates on two cultivars. Nine isolates (04-01, 04-02, 04-03, 05-19, 05-20, 05-253, 05-255, 05-256, and 05-257) were evaluated for aggressiveness on two cultivars ('Candidum' and 'Frieda Hemple'). These cultivars were chosen because grower observations indicated that 'Candidum' and 'Frieda Hemple' appeared to be resistant and susceptible to Fusarium tuber rot, respectively. The isolates were cultured on CLA plates at 24 to 28°C for 10 to 14 d, and carnation leaf pieces were used to inoculate tuber halves as described earlier. Tuber halves were incubated in plastic containers at 18°C in the dark at %100% RH for 2 weeks to allow Fusarium tuber rot to develop. Tuber rot diameter was measured as described earlier.
Inoculated tubers were arranged in a randomized complete-block design (RCBD), with three replications. Each replicate consisted of five tuber halves per isolate-cultivar treatment combination. The experiment was repeated and data from the two experiments were pooled because variances were equal. Data were subjected to ANOVA using the PROC GLM procedures of SAS 9.0.
Evaluation of commercial cultivars to identify sources of resistance to Fusarium tuber rot. Isolates 04-03, 05-20, and 05-257 were selected for use because they were identified as being highly aggressive on caladium tubers, and were cultured on CLA as described earlier.
Seventeen commercial caladiums ('Aaron', 'Candidum', 'Candidum Jr.', 'Carolyn Whorton', 'Fannie Munson', 'Florida Cardinal', 'Florida Sweetheart', 'Frieda Hemple', 'Gingerland', 'Miss Muffet', 'Postman Joyner', 'Red Flash', 'Red Frill', 'Rosebud', 'White Christmas', 'White Queen', and 'White Wing') were chosen for this test. Tubers (%4-6 cm in diameter) were surface sterilized with 30% bleach for 30 min and then rinsed three times with sterile water. Tubers were placed under an aseptic laminar airflow hood, cut in half, and punctured to a depth of 5 mm in the center of the cut surface with a sterile Phillips head screwdriver (4 mm maximum diameter of the head). Immediately, two randomly selected colonized carnation leaf pieces producing sporodochia of F. solani were inserted into the created hole. Inoculated tubers were placed in egg cartoons inside plastic boxes, incubated at 18°C for 2 weeks, and assessed for severity of tuber rot as described earlier.
The experiment was arranged in an RCBD with four replications. Two tuber halves per replication for each treatment were assigned as the experimental unit. The entire experiment was repeated, and combined data were subjected to ANOVA with PROC GLM using SAS 9.0.
To categorize cultivars into classes based on susceptibility to Fusarium tuber rot, cultivars were ranked from 1 to 17, within each isolate, with the rank of 1 assigned to the cultivar with the smallest lesion. For two-way ties at a given rank, ranks n and n + 1 were replaced with n + 0.5, which was assigned twice, and the next rank was n + 2. The total rank sum (TRS) from all three isolates was then transformed to a normalized total rank by dividing the TRS by 51, the highest possible TRS, and multiplying it by 100. Cultivars were placed into four categories based on the normalized total rank: resistant (with a normalized rank between 1.0% and 25.0%), moderately resistant (25.0% to 50.0%), susceptible (50.0% to 75.0%), or highly susceptible (75.0% to 100.0%).
Results
Temperature effect on mycelial growth in vitro. The main effect of isolate and the interaction of isolate · temperature were not significant at P < 0.05. The main effect of temperature was significant, so the relationship of mycelial growth and temperature was analyzed with combined data for all nine isolates. There was a nonlinear relationship between mycelial growth and temperature, for temperatures ranging from 13 to 33°C, expressed by the second-order polynomial equation: diameter (millimeters) = -106.3 + 11.6 (temperature) -0.2(temperature) 2 (P < 0.0001, R 2 = 0.92; Fig. 1 ). Using this equation, the estimated optimal temperature to produce the greatest mycelial growth was 30.5°C.
Temperature effects on disease development in vivo. The two experiments were not significantly different; thus, data were combined during the ANOVA. There was no interaction of breeding line with temperature, indicating that the effect of temperature was similar for both breeding lines. Therefore, the data from the two breeding lines were pooled for regression analyses. There was a quadratic relationship for the effect of temperature on the diameter of rotted tissue area: diameter = 33.95 -1.4 (temperature) + 0.0209 (temperature) 2 , with R 2 =0.70 (Fig. 2) . Although maximum lesion diameter was achieved at 13°C, changes in tuber tissue texture were observed sometimes when tubers were incubated at 13°C, probably as a result of cold damage at 13°C (Marousky and Raulston, 1973) . Therefore, to avoid potential cold damage from exposure to 13°C, an incubation temperature of 18°C was chosen for all subsequent experiments for Fusarium-inoculated tubers.
Aggressiveness of nine isolates on two cultivars. The interaction of isolate with cultivar was significant at P < 0.05, indicating that relative aggressiveness of the isolates varied with the caladium cultivar inoculated (Table 1) . For example, isolate 04-03 was the second most aggressive isolate on 'Frieda Hemple', but was among the least aggressive on 'Candidum'. Two isolates, 05-20 and 05-257, were identified as highly aggressive on both cultivars. Isolate 05-20 was the most aggressive on 'Frieda Hemple' and 'Candidum', whereas isolate 05-257 was the most aggressive isolate on 'Candidum' and was the second most aggressive isolate on 'Frieda Hemple'.
On 'Frieda Hemple' the average diameter of rotted tissue ranged from 10.2 to 17.7 mm, whereas on 'Candidum' the diameter ranged from 7.9 to 11.4 mm. The difference between 'Frieda Hemple' and 'Candidum' was significant (P < 0.05) for all isolates tested except 05-255. These results confirm growers' observations that 'Frieda Hemple' is more susceptible to Fusarium tuber rot than 'Candidum'.
Evaluation of commercial cultivars for resistance to Fusarium tuber rot. There was a significant interaction of isolate with cultivar, indicating that at least some isolates affected some cultivars differently. For example, 'Red Frill' had an average lesion diameter of 9.7 mm and ranked fifth when inoculated with isolate 04-03, but had an average lesion diameter of 15.8 mm or 14.5 mm and ranked 12th or 13th with isolate 05-20 or 05-257 respectively (Table 2 ). However, in general, the cultivars were ranked similarly within each isolate. That is, if a cultivar was ranked as highly susceptible with one isolate, it was ranked highly susceptible when inoculated with the other two isolates as well (Table 2) .
There were significant differences in lesion diameter among cultivars for each isolate. Lesion diameter ranged from 9.5 ('Rosebud' and 'White Christmas') to 15.0 mm ('Carolyn Whorton') for isolate 04-03, 11.3 ('Candidum') to 23.9 mm ('Carolyn Whorton') for 05-20, and 11.2 ('Candidum') to 20.4 mm ('Carolyn Whorton') for 05-257 (Table 2) .
Using the normalized total rank, we found that cultivars were easily placed into one of four categories. Five cultivars (Candidum, Rosebud, White Christmas, Florida Sweetheart, and Aaron) were placed in the ''resistant'' category, with the normalized total rank ranging from 11.8% to 24.5%. Two cultivars (White Wing and Red Flash) were placed in the moderately resistant group, with the normalized total rank ranging from 43.1% to 45.1%. Six cultivars (Candidum Jr., White Queen, Red Frill, Florida Cardinal, Miss Muffet, and Postman Joyner) were placed in the susceptible category, with the normalized total rank ranging from 52.9% to 70.6%. Four cultivars were placed in the highly susceptible group (Fannie Munson, Gingerland, Frieda Hemple, and Carolyn Whorton), with a normalized total rank ranging from 82.4% to 100.0%. The severity of the disease on 'Carolyn Whorton' was significantly higher than all other cultivars, with the entire tuber surface covered with Fusarium infection (Fig. 3) .
Discussion
Temperature has been recognized as an important factor in the development of diseases incited by Fusarium spp. Many Fusarium-induced diseases are favored by moderate temperatures between 24 and 30°C, probably because this temperature range is optimum for mycelial growth of many Fusarium species (Ben-Yephet and Shtienberg, 1994; Fig. 1 . In vitro growth rate of nine isolates of Fusarium solani at five temperatures (13, 18, 23, 28, and 33°C) . Based on the second-order polynomial equation [colony diameter (millimeters) = -106.3 + 11.6 (temperature) -0.2 (temperature) 2 , P < 0.0001, R 2 = 0.92], the optimum growth rate was estimated to occur at 30.5°C. Scherm and Yang, 1996; Wang and Jeffers, 2000) . The F. solani isolates from caladium responded to temperature similarly in vitro, with rapid mycelial growth between 25 and 31°C on an artificial medium. However, our results indicated that lower temperatures (13 or 18°C) favored F. solani rot in caladium tubers. Marousky and Raulston (1973) reported that suberin formation on caladium was greatest at 32°C and was inhibited at 10 or 15°C. We observed suberin formation and walling off of the infected area from healthy tissue when inoculated caladium tubers were incubated at 25 to 30°C. Suberin formation was believed to be one of the major defense responses to pathogen infection in potato tubers (Smith and Smart, 1955; Walker and Wade, 1978) . We suspect that caladium tubers incubated at the higher temperatures Main effects and interactions for mean diameter Cultivar ** Isolate ** Cultivar · isolate ** Least significance difference at P = 0.05 for cultivar · isolate means = 1.8. ** Very significant at P = 0.01. Isolate ** Cultivar · isolate ** z Cultivars were ranked from 1 to 17 (1 = least susceptible) within each isolate for relative susceptibility to Fusarium tuber rot. Total rank sum was calculated by adding the ranks for each isolate. The normalized total rank equals the total rank sum divided by 51 (the highest possible rank sum) and multiplied by 100. y Resistance category was based on the normalized total rank: R, resistant (<25.0%); MR, moderately resistant (25.0% to 50.0%); S, susceptible (50.0% to 75.0%); and HS, highly susceptible (75.0% to 100.0%).
x Very significant at P = 0.01. Least significance difference at P = 0.05 for cultivar · isolate means = 2.1.
were able to seal off the infected areas and slow down or stop penetration of F. solani hyphae, and thus limit rot. On the other hand, low temperatures used in this study suppressed the formation of suberin and walling off of the inoculation wounds in caladium. We also observed that at 13°C, tubers appeared to show typical signs of cold injury (softening of tissue), complicating evaluation of disease progress. Caladiums are tropical plants and their tubers are sensitive to temperatures less than 15°C (Harbaugh and Tjia, 1985) . Thus, 18°C appeared to be a safe temperature to allow rapid disease (tuber rot) progress while not causing cold injury to tubers.
Selection and use of highly aggressive isolates is another important factor in developing protocols for evaluating Fusarium tuber rot. The aggressiveness of the nine isolates tested varied considerably and was significantly influenced by the caladium cultivar infected. Because a cultivar · isolate interaction was evident, cultivars should be screened using more than one isolate to ensure broader resistance to F. solani, and isolates should be tested on more than one cultivar to ensure that they are highly aggressive across cultivars. Two isolates, 05-20 and 05-257, were highly aggressive on cultivars tested and are good candidates for future screening work.
Our results support grower observations that commercial cultivars differ in their susceptibility to Fusarium tuber rot. For example, growers commonly refer to 'Frieda Hemple' as a troublesome cultivar with respect to tuber rot problems. Using the normalized total rank, we placed 'Frieda Hemple' in the highly susceptible group. Growers rarely have storage problems with 'Candidum' that, in our test, was rated as resistant. These results give us confidence that the assay used can reveal differences in Fusarium tuber rot susceptibility that would be representative of the variation in susceptibility to tuber rot occurring during commercial field production or storage conditions. Furthermore, our results indicate a degree of disease tolerance in commercial cultivars that could be used for breeding new cultivars with resistance to Fusarium tuber rot. a highly susceptible cultivar. Tubers were cut in half, inoculated at the center of the cut surface with F. isolate 05-20, and incubated at 18°C for 2 weeks.
